Congenital Heart Diseases (CHDs) are major cause of prenatal and neonatal mortality. These defects occur due to abnormalities during heart formation in utero. The treatments of CHDs pose a major challenge due to lack of in depth understanding of underlying factors. There are certain evidences that suggest abnormal mitochondrial function in these cardiomyopathies. A large percentage of prenatal dilated cardiomyopathies reportedly exhibit defects in mitochondrial oxidative phosphorylation. However, we still have a very little understanding of causal role played by mitochondria in CHDs. Considering the fact that heart has highest density of mitochondria followed by skeletal muscles and central nervous system, investigation of mitochondrial involvement in CHDs is a very intriguing question.
Introduction
Congenital heart defects (CHD) are structural and functional abnormalities in heart structure that occur before birth. Approximately 8 out of 1000 newborns have CHDs ranging from mild to severe (Chen et al., 2018 , Gilboa et al., 2016 , Hoffman and Kaplan, 2002 . Congenital heart defects occur due to incomplete or abnormal development of fetus heart during the early weeks of pregnancy (Peterson et al., 2014) . Some CHDs are known to be associated with genetic disorders such as Down syndrome (Benhaourech et al., 2016) . However, the cause of most of them is unknown. Investigating the mechanism by which these abnormalities happen during early embryonic development might have an impact on clinical management of these congenital malformations.
There are certain metabolic factors that are known to increase the risk of having CHDs; however, no obvious cause is identified in most cases (Verkleij-Hagoort et al., 2006 , Brandalize et al., 2009 . The primary congenital cardiomyopathies occur commonly in the cardiac muscle, with abnormal cardiac metabolism apparent soon after birth or early infancy (Wenink and Gittenberger-de Groot, 2005) . Abnormalities (mutations/ knock out/ failed transcription) of mitochondrial DNA and/or nuclear genes encoding proteins involved in mitochondrial oxidative phosphorylation are also evident in cardiomyopathies (Giordano, 2005) .
Particularly, complex-I, III and IV of Electron Transport Chain present on the inner membrane of mitochondria are reported to be involved in various cardiomyopathies (Scheubel et al., 2002) .
Mutations of two nuclear genes NDUFV2 and NDUFS2 encoding complex-I subunits have been strongly linked with early onset hypertrophic cardiomyopathies. These mutations caused a marked decrease in the amount of nuclear-encoded subunits and complex-I activity (Benit et al., 2003) . Mutation in NDUFV2 has also been linked to Parkinson's disease, an association that may illustrate the large variety of clinical expression of mitochondrial disorders (Nishioka et al., 2010) .
There are accumulating pieces of evidence that suggest that mitochondrial dysfunction plays a key role in early cardiac defects (Neubauer, 2007) . There are reports which suggest that impairment of mitochondrial DNA replication and mitochondrial DNA deletion precedes heart failure in children with CHDs (Marin-Garcia et al., 1997) . Based on these reports, the relationship between mitochondrial biogenesis and risks of CHDs are indicated (Karamanlidis et al., 2010) . There is a need to develop a model system for in depth analysis of mitochondrial associated CHDs.
In the current study, Drosophila embryonic heart is established as a model system to study CHDs so that an association between metabolic dysfunction and CHDs can be questioned on the cellular level. Drosophila embryonic heart has emerged as one of the most attractive model systems to study cardiac defects due to its simplicity and easy genetic manipulations (Piazza and Wessells, 2011) . Additionally, most of the transcription factors and signaling pathways involved in cardiogenesis are highly conserved in Drosophila and vertebrates despite their evolutionary distance making the fly research highly relevant to human cardiac pathologies (Tao and Schulz, 2007, Medioni et al., 2008) .
RESULTS:
Knocking down genes encoding complex-I components of ETC from the developing mesoderm leads to embryonic lethality in Drosophila By knocking down genes encoding complex-I components ND42 and ND75 from the developing mesoderm using various Gal4 drivers that drive dsRNA mediated knockdown in a distinct spatiotemporal manner, it was found that relatively late embryonic stage Gal4 drivers were not able to induce any lethality in terms of hatching rate of embryos ( Fig.1B) whereas TwistGal4 induced early mesoderm knockdown of ND42 and ND75 leads to severe decline in hatching rate of the embryos (Fig.1B) .
In the synchronized collection batches of Twist Gal4/+; UAS GFP RNAi/+ genotype, average 87 percent embryos were hatched, whereas in TwistGal4/+;UASND42RNAi/+ and TwistGal4/+;UAS ND75RNAi/+, only 20% and 21% embryos were hatched respectively (p<0.0001) (Fig.1B) . These result infer that by knocking down complex-I components using
TwistGal4 as a driver, there is a drastic reduction in hatching rate of embryos. For the lethality assay, UAS ND42RNAi and UAS ND75RNAi lines from BDSC and VDRC were assayed, which showed similar lethality trends in F1 progeny (Fig.S1 ).
The remaining 80 percent unhatched embryos were followed for the next 24 hours confirming there was no late hatching and all of them were non-viable (unpublished data).
From these results, it was clear that knock-down of complex-I encoding components by using very early driver TwistGal4 was detrimental to the survivability of embryos to a significant level. By knocking down ND42 and ND75 using DaughterlessGal4 (DaGal4) which is a ubiquitous Gal4 driver, it was found that complex-I activity is declined to significant levels. In case of DaGal4/+; UAS ND42RNAi/+, an average of 66% complex-I activity is left whereas in case of DaGal4/+;UAS ND75RNAi/+, an average of 40% activity is left (Fig.1C ). qRT PCR analysis revealed a drastic decline in fold change transcript levels of ND42 and ND75 in case of DaGal4/+;UAS ND42RNAi/+ and DaGal4/+;UAS ND75RNAi/+ knockdown embryos respectively( Fig.1D ). 
Dorsal vessel is severely affected in terms of functionality in complex I knockdown embryos
Live imaging of stage 17 Drosophila embryonic hearts was done and heartbeat was quantitatively analyzed using SOHA (Semi-automated Heartbeat Analysis) software (Ocorr et al., 2009 ).
M-mode represents the vertical movement of heart tube edges (y-axis) over time (x-axis)
We used the heart proper region in the cardiac tube of stage 17 Drosophila embryos to generate M-mode since the beating originates in the heart proper region and then propagates through the rest of the tube. M-modes were made from the same region of the cardiac tube in control and knockdown embryos. 
Increase in the heart period of stage 17 wild type, ND42, and ND75 knockdown embryos.
Heart period is measured as the interval between the start of one diastole and the beginning of the next. The heart period is significantly increased in both ND42 and ND75 knockdown embryos compared to control. The heart period of Hand GFP; TwistGal4/+; UAS ND42 RNAi/+ embryos is 3.2 millisecond (ms) compared to the heart period of 1.2 ms in control (Fig.2C ). The heart period of Hand GFP;TwistGal4/+;UAS ND75RNAi/+ knockdown embryos is increased to 3.1 ms (*P=0.000103 and 0.00058 respectively for ND42 and ND75 knockdown embryos, by ttest) ( Fig. 2C ) Data are mean +_ SE. Increase in heart period indicates prolonged systolediastolic phase i.e. heart spends more time to complete one systole-diastole cycle compared to the control.
Diastolic interval is increased in ND42 and ND75 knockdown embryos
Diastolic interval (DI) is the duration for which the heart stays in the diastolic (relaxation) phase.
The diastolic interval of ND42 knockdown embryos was 3.1 millisecond compared to 0.6 ms in control (*P= 5.15E-05 by t-test). In the case of ND75 knockdown embryos, the diastolic interval was increased to 2.8 ms (*P= 0.000121 by t-test) ( Fig.2A ). Increased diastolic interval indicates heart remains in relaxation phase for a longer time in case of ND42 and ND75 knockdown embryos compared to control.
Systolic interval was reduced in ND42 and ND75 knockdown embryos
Systolic interval (SI) is the duration for which cardiac tube stays in the systolic (contraction) phase. The systolic interval of ND42 knockdown embryos was decreased to 0.21 ms compared to the systolic interval of 0.6 ms in control embryos (*P= 3..26E-05, by t-test). In the case of ND75 knockdown embryos, the systolic interval was reduced to 0.22 ms (*P= 4.41-E06, by t-test) ( Fig.2B ). Reduction in systolic interval suggests that heart contraction phase is shorter in knockdown embryos compared to control.
ND42 and ND75 Knockdown embryo exhibit significantly reduced diastolic diameter
The diastolic diameter of ND42 knockdown embryos was 43.73 microns compared to 95.52 microns in control (*P= 9.08E-10) whereas the diastolic diameter of ND75 knockdown embryos was significantly reduced to 45.19 microns (*P=3.84E-10) ( Fig.2E ).
Reduced systole diameter in ND42 and ND75 knockdown embryos:
The systolic diameter of ND42 knockdown embryos was significantly reduced to 27.77 microns compared to the systolic diameter of 66.38 microns in control whereas the systolic diameter of ND75 knockdown embryos is reduced to 32.65 microns (*P =4.45E-08 and P= 3.12E-07 respectively in ND42 and ND75 knockdown embryos, by T-test) ( Fig.2F ). Pericardin is a type-IV collagen-like protein expressed by pericardial cells and a subpopulation of cardioblasts. It is concentrated at the basal surface of cardioblasts and around the pericardial cells in close proximity to the dorsal ectoderm and is absent from the lumen (Chartier et al., 2002) . Pericardin marks the boundaries of the cardiac tube as well as alary muscles (Chartier et al., 2002) . Interestingly, in ND42 ( Fig.2L ) and ND75 ( Fig.2M ) knockdown embryos, immunostaining with Pericardin antibody revealed an excessive Pericardin deposition around the cardiac tube compared to control embryos at stage 16 of embryonic development (Fig.2K ).
The Pericardin expression is mislocalized in the luminal region and seems to be diffused rather than concentrated around the pericardial cells in wild type embryos.
qRT PCR for Pericardin of stage 16 embryos revealed increased Pericardin transcript levels in ND42 and ND75 knockdown embryos. In the case of ND42 knockdown embryos, the Pericardin transcript reportedly increased to 4 folds compared to control. In the case of ND75 knockdown embryos, there were 5 fold changes in Pericardin transcript levels compared to the same stage control embryos ( Fig.2N ). These results established an increase in Pericardin transcript levels in ND42 and ND75 knockdown embryos. Although the question of whether there are any changes in the number of pericardial cells remained unanswered. Zfh1 marks all the pericardial cell populations as well as the lymph gland (Ward and Skeath, 2000) . In order to precisely calculate pericardial subpopulations and to eliminate lymph gland cells, co-immunostaining with Zfh1 and Pericardin was done since lymph gland cells do not express Pericardin. Quantitative analysis revealed no significant change in the total number of pericardial cells in ND42 and ND75 knockdown embryos compared to control (Fig.S4 ).
These two results suggest that increased Pericardin accumulation is the result of more Pericardin produced per pericardial cell instead of a change in the total number of pericardial cells.
Lumen constriction revealed by TrolGFP in complex-I knockdown embryos:
In order to ascertain the results mentioned in the previous result section which stated that systolic and diastolic diameters were reduced in ND42/ND75 knockdown embryos ( Fig.2E and 2F) , Trol GFP was used as a marker to determine the status of the lumen of the cardiac tube at stage 16 of embryonic development.
Trol (Terribly Reduced Optic Lobes) is the heparin sulfate proteoglycan and the vertebrate protein Perlecan homolog in D. melanogaster. It is expressed in the basement membrane of embryonic tissues. In the dorsal vessel at stage 16 of embryonic development, it marks the lumen of the cardiac tube as well as the outer boundaries of the cardiac tube and alary muscles (Medioni et al., 2008) .
Inner lumen diameter, as well as the outer diameter of the cardiac tube, was measured in the TrolGFP background in control and knockdown embryos. Statistical analysis was performed by taking 10 measurements at different points, each for aorta and heart proper region and then averaged to give a mean value for aorta and heart proper region.
Confocal imaging of TrolGFP marked ND42 and ND75 knockdown embryos indicates that the lumen of the cardiac tube is constricted in ND42 knockdown embryos ( Detailed quantitative analysis confirmed that the inner lumen is significantly constricted in ND42 TrolGFP which is present in the basement membrane and used to mark the lumen and outer wall of the cardiac tube (A). In TwistGal4/+; UAS ND42 RNAi/+ and TwistGal4/+; UAS ND75 RNAi/+ knockdown embryos, the lumen is notably constricted compared to control in the cardiac tube (B, C). Zoomed in images of the same embryos shown on the left clarifying lumen constriction in ND42 and ND75 knockdown embryos in the aorta as well as heart proper regions (D, I). Statistical analysis showed a significant reduction in lumen diameter in knockdown embryos compared to control (n=10) (J) No significant change in outer diameter of the cardiac tube in knockdown embryos compared to the control (K). Scale bar: 20µm
Metabolic disturbances target cell fate decisions during cardiogenic mesoderm specifications
In wild type embryos at stage 16 of embryonic development, the cardiac tube has a 4+2 pattern of cardioblasts in each hemisegment (4 Tinman positive cardioblasts+2 Seven up positive cardioblasts) as reported previously (Gajewski et al., 2000, Lo and Frasch, 2001) and evident from co-immunostaining for Tinman and Seven up GFP (Fig.4C ). By knocking down ND42 and ND75 from the developing mesoderm using TwistGal4 as a driver, a random increase in the number of Seven up positive cardioblasts is revealed ( Fig.4D, G) . Co-immunostaining with Tinman and Seven up revealed a corresponding reduction in Tinman positive cardioblasts ( Fig.   4F , I) .These observations imply that a myogenic tentative Tinman expressing cardioblast has started expressing an ostial marker Seven up, and thus has changed its cell fate.
We tracked down this phenotype down the stages of heart tube formation and cell specifications.
Tinman expression starts in the developing mesoderm from stage 9 (Zaffran et al., 2006) . At stage 11, Seven up expression begins in a subset of cardiac progenitors. These progenitors are initially both Tinman and Seven up positive but at stage 12; they lose Tinman expression and retain Seven up only (Lo and Frasch, 2001) .
In ND42/ND75 knockdown embryos, Seven up expression is normal at stage 11. At stage 12 also, the total number of cells expressing Seven up is unchanged when compared to wild type embryos 
Quantitative analysis of region-specific fate specification defects in knockdown embryos:
Since the cell type alteration defect is very random in terms of change in different parts of the cardiac tube, we quantified this phenotype with respect to following criteria: Out of the total 100 embryos analyzed for both ND42 and ND75 knockdown, the distribution of phenotype is shown with the pie chart ( Fig.4 .7S and T).
In case of TwistGal4/+; UAS ND42dsRNA/+, it was found that out of 100 embryos analyzed, 18 embryos show no cell fate alteration defect either in aorta or heart proper region. 32 embryos exhibit defects in aorta only whereas 20 embryo exhibit defects in heart proper region. 30 embryos exhibit severe defects i.e. in these embryos, cell fate specification defects were observed in aorta as well as heart proper regions (Fig.4S ). In case of TwistGal4/+; UAS ND75dsRNA/+, it was found that out of 100 embryos analyzed, 22 embryos show no cell fate alteration defect either in aorta or heart proper region. 31 embryos exhibit defects in aorta only whereas 15 embryo exhibit defects in heart proper region. 32 embryos exhibit severe defects i.e. in these embryos, cell fate specification defects were observed in aorta as well as heart proper regions ( Fig.4T ).
Knockdown of genes encoding complex-I components leads to high ROS levels in the developing mesoderm
Elevated ROS levels were observed in TwistGal4/+; UAS ND42RNAi/+ and TwistGal4/+;UAS ND75RNAi/+ background using mitoSOX dye which specifically detects mitochondrial generated superoxide ions (Dikalova et al., 2010 , Itani et al., 2016 , Zielonka et al., 2008 .
Staining with mitoSOX revealed that the majority of mesodermal cells are positive for mitoSOX in TwistGal4/+; UAS ND42RNAi/+ (Fig.5B ) and TwistGal4/+;UAS ND75RNAi/+ (Fig.5C ) knockdown embryos at stage 13 of embryonic development compared to control embryos ( Fig   5A) confirming the mitochondrial origin of ROS. Glutathione-S-transferase D1-GFP (gstD GFP) reporter construct has been previously shown to be in vivo sensor for ROS (Sykiotis and Bohmann, 2008) . ROS activity was detected in the mesodermal population using gstD GFP construct in TwistGal4/+; UAS ND42RNAi/+ (Fig.5E) and TwistGal4/+;UAS ND75RNAi/+ (Fig.5F ) knockdown embryos at stage 13 of embryonic development compared to control embryos ( Fig 5D) . Twist expression initiates at stage 10 of embryonic development in mesodermal progenitors and continues to express until stage 13 of embryonic development (Leptin, 1991) . Since Twist Gal4 is used to derive UAS ND42RNAi and UAS ND75RNAi, it can be expected that ROS levels are increased in Twist expressing mesodermal cells.
Co-localization of
Co-immunostaining with Twist antibody and anti-GFP antibody in TwistGal4gstD GFP/+; UAS ND42RNAi/+ and TwistGal4gstD GFP/+; UAS ND75RNAi/+ embryos revealed that at stage 10 of embryonic development when gstD GFP expression initiates in the developing mesoderm, Twist expression overlaps exactly with gstD GFP expression in ND42 and ND75 knockdown embryos. This result shows that ROS levels are increased in Twist expressing mesodermal cells in TwistGal4gstD GFP/+; UAS ND42RNAi/+ (Fig.5D , E and F) and TwistGal4gstD GFP/+; UAS ND75RNAi/+ (Fig.5G ,H and I) knockdown embryos at stage 10 of embryonic development compared to control embryos ( Fig 5A,B and C) . Over expression of Superoxide dismutase 2 significantly restores the survival rate in ND42 and ND75 knockdown embryos:
Superoxide dismutase 2 (SOD2) specifically scavenges the superoxide ions generated during the mitochondrial electron transport chain (Fukai and Ushio-Fukai, 2011) .
Lethality assay was done with total 1000 embryos in each case at 29 degrees to observe and quantify the hatching rate of embryos. It was found that in TwistGal4/ UAS SOD2; UAS ND42 RNAi/+ genotype, around 54 % of embryos were hatched, a significant rescue in comparison to 20% embryos hatched in TwistGal4/+;UAS ND42RNAi/+ progeny. A similar trend was observed in TwistGal4/ UAS SOD2; UAS ND75 RNAi/+ background, where average 57% embryos were hatched compared to only 21% embryos hatched in TwistGal/+; UAS ND75RNAi/+ progeny, thus showing a significant rescue (Fig. 6A ) in hatching rate.
Scavenging ROS rescues the cardiac functionality to a significant level:
The alteration in the rhythmicity of the cardiac tube beating pattern observed in M-mode patterns of HandGFP; TwistGal4/UAS SOD2; UAS ND42 RNAi/+ (Fig.6C) and
HandGFP; TwistGAL4 /UAS SOD2; UAS ND75 RNAi/+ (Fig.6E) genotypes show a significant restoration to the periodic M-mode pattern.
Heart period of stage 17 knockdown embryos in SOD2 overexpression background:
As reported previously, the heart period is increased to around 3 fold in ND42 and ND75 knockdown embryos compared to the control. Interestingly, by over-expressing SOD2 in ND42 and ND75 knockdown embryos, the heart period is significantly reduced towards normal. In case of HandGFP; TwistGal4/UAS SOD2; UAS ND42RNAi/+ embryos, the heart period is 8.98 milliseconds which is a significant reduction from the heart period of 15.15 milliseconds in HandGFP;TwistGal4/+; UAS ND42RNAi/+ embryos.
In case of HandGFP; TwistGal4/UAS SOD2; UAS ND75RNAi/+ embryos, the heart period is 8.06 milliseconds which is a significant reduction from the heart period of 14.64 milliseconds in HandGFP; TwistGal4/+; UAS ND75RNAi/+ embryos (Fig.6J) .
Diastolic interval is reduced in the knockdown embryos by over-expression of SOD2:
By scavenging superoxide ions specifically from the mesoderm population, DI is reduced significantly in ND42 (1.10 ms) and ND75 knockdown embryos (0.95 ms) compared to HandGFP;TwistGal4> UAS ND42dsRNA (2.92ms) and HandGFP;TwistGal4> UAS ND75dsRNA embryos (2.63ms) ( Fig.6H ).
Systolic interval is increased in knockdown embryos by over-expression of SOD2 in Twist expressing mesoderm population:
Systolic interval was reportedly reduced drastically in HandGFP; TwistGAL4 /+; UAS ND42RNAi/+(SI=0.15ms) and HandGFP; TwistGal4 /+; UAS ND75RNAi/+ (SI=0.15ms) knockdown embryos compared to control (SI=0.52ms). It was found that SI is significantly increased in HandGFP; TwistGAL4 /UAS SOD2; UAS ND42 RNAi/+ (SI=0.67ms) and
HandGFP; TwistGAL4 /UAS SOD2; UAS ND75 RNAi/+ knockdown embryos (SI=0.6m1s) ( Fig.6I ).
Systolic and diastolic diameters are restored to normal by scavenging superoxide ions:
Systole diameter (SD) and diastole diameter (DD) (Fig. 6F, G) . In case of TrolGFP, TwistGal4/UAS SOD2; UAS ND42 RNAi/+ embryos, lumen diameter was increased from 1.5 um in TrolGFP, TwistGal4/+; UAS ND42 RNAi/+ (Fig.7C) to 2.22 um in aorta region in TrolGFP, TwistGal4/UAS SOD2; UAS ND42 RNAi/+ embryos. (Fig.7E ). The lumen diameter in heart proper region was increased from 1.95 microns in TrolGFP, TwistGal4/+; UAS ND42 RNAi/+to 2.69um in TrolGFP, TwistGal4/UAS SOD2; UAS ND42 RNAi/+ (Fig.7F ) embryos (Fig.7D ). A similar trend was observed in TrolGFP, TwistGal4/UAS SOD2; UAS ND75 RNAi/+ where lumen diameter was increased from 1.55 um (Fig.7G ) to 2.07 um ( Fig.7I ) in aorta and 2.42um (Fig.7J ) from 1.93 um in heart proper (Fig.7H ).
Transcriptional upregulation of Pericardin is rescued by scavenging superoxide ions:
High Pericardin levels observed in TwistGal4/+; UAS ND42RNAi/+and TwistGal4/+; UAS ND75RNAi/+ embryos ( Fig.7N and P) were decreased in TwistGal4/UAS SOD2; UAS ND42RNAi/+ and TwistGal4/UAS SOD2; UAS ND75RNAi/+ embryos ( Fig. 7O and Q) as revealed by Pericardin immunostaining. Pericardin was much more restricted outside the lumen of the cardiac tube and Pericardin expression resembles closer to control embryos.
qRT PCR of TwistGal4/UAS SOD2; UAS ND42RNAi/+ knockdown embryos revealed that
Pericardin transcript levels were reduced significantly compared to knockdown embryos (Fig.7R) .A similar trend was shown by TwistGal4/UAS SOD2; UAS ND75RNAi/+ embryos where Pericardin transcript levels were reduced compared to high levels in ND75 knockdown embryos (Fig.7S ). In order to investigate whether increased ROS levels in the cardiogenic mesoderm was responsible for alteration in cell fate specification which initiate from stage 13 of embryonic development, Tinman vs Seven up subpopulations were observed in TwistGal4/UAS SOD2; UAS ND42RNAi/+ and TwistGal4/UAS SOD2; UAS ND75RNAi embryos.
As described previously, knocking down ND42 from the developing mesoderm result in increase in number of Seven up positive cardioblasts (Fig. 8D) in the cardiac tube of stage 16 Drosophila embryo compared to control (Fig. 8A ). In these embryos, there is a simultaneous reduction in number of Tinman positive cardioblasts (Fig. 8E ).By scavenging ROS by over expressing superoxide dismutase 2 (SOD2) in these knockdown embryos lead to restoration of normal 4+2 pattern of Tinman vs Seven up cardioblasts as shown by co-immunostaining for Tinman and Seven up ( Fig.8 G, H and I) .
Knocking down ND75 from the developing mesoderm also result in increase in number of Seven up positive cardioblasts (Fig. 8J) in the cardiac tube of stage 16 Drosophila embryo compared to control (Fig.8A) . In these embryos, there is a simultaneous reduction in number of Tinman positive cardioblasts (Fig. 8K ). Scavenging ROS by over expressing superoxide dismutase 2 (SOD2) in these knockdown embryos lead to restoration of normal 4+2 pattern of Tinman vs Seven up cardioblasts as shown by co-immunostaining for Tinman and Seven up (Fig.8 M, N and O). Quantitative analysis of region specific defects in aorta, heart proper region and both of these regions showed that over expression of SOD2 in knockdown embryos led to significant restoration towards normal 4+2 pattern of Tinman vs Seven up cardioblasts in these embryos ( Fig.8P and Q) . 
MATERIALS AND METHODS

Fly stocks:
The fly stocks used were TwistGal4 (BL2517, Mef2Gal4 (BL27390), Tinc delta4 Gal4 (M. 
Embryo fixation:
Embryos from the synchronized collection were transferred from plate to a mesh using a small paintbrush by squirting distilled water over the plate. A quick wash of distilled water was given to the embryos to remove unwanted debris and yeast paste. After that, embryos were dechorionated by treating them with 50 percent sodium hypochlorite solution (bleach) for 2 minutes. Bleach was removed by thoroughly washing embryos with distilled water for 3*10' (3 washes, 10 minutes each).
In the meantime, a fixative (PEMS+4% formaldehyde + heptane) was prepared in the ratio of 7:1:7 in the scintillation vial. Embryos were incubated in the fixative for 40 minutes on a nutator.
After fixation is over, the lowermost layer of fixative solution which is comprised of heptanes is removed and replaced by an equal volume of methanol. The resulting two membrane solution is shaken vigorously to facilitate removal of the vitelline membrane. The devitellinized embryos are settled down and are collected with the help of a dropper in a fresh Eppendorf tube. Again, the lowermost layer is removed and methanol of equal volume of the leftover solution is added further and the same process is repeated until all devitellinized embryos are harvested.
After collecting embryos in the eppendorf tube, methanol is replaced by absolute ethanol and after a quick wash of 5 minutes with ethanol; these embryos are either used for immunostaining or are stored in absolute ethanol at -20 o C for future use.
Live Imaging of Drosophila Embryos:
All collections were kept at 29 degrees since Gal4 induced RNAi knockdown efficiency is maximum at this temperature. Synchronized egg laying was set for stage 17 embryo collection.
Embryos were harvested as mentioned earlier in a mesh and dechorionated using sodium hypochlorite solution. After treating with bleach, embryos were thoroughly washed with distilled water (4 washes of 10 minutes each) to completely remove bleach as it can interfere with the fluorescence signal.
After washings, distilled water was replaced with 1X PBS in the mesh containing embryos. With the help of a fine paintbrush, the embryos of stage 17 were transferred from mesh to halocarbon oil placed on the glass slide. A bridge was made using nail paint on both sides of the halocarbon oil drop containing embryos and after nail paint is dried, a coverslip is placed on the bridge on such a level that embryo is only stabilized and not mashed with the coverslip.
Live imaging was performed in the fluorescence microscope (model name and number) using FITC filter at 20x magnification and analyzed using SOHA (Semi-automated Heart Beat Analysis) software.
Semi-Automated Heartbeat analysis of Drosophila embryos:
SOHA (Semi-automated heartbeat analysis) software was used to analyze a number of contraction-relaxation parameters in Drosophila embryonic heart. SOHA incorporates a unique set of movement detection algorithms that automatically and precisely detect and measure beat to beat contraction parameters captured in live movies, therefore providing both analytical and statistical power. The resulting output provides detailed information related to pacemaker activity and contraction-relaxation parameters including M-mode, heart rate, systolic interval and diastolic intervals, systolic and diastolic diameters and fractional shortening (Ocorr et al., 2009) .
Before analyzing these parameters in knockdown embryos relative to control, these different parameters are briefly defined as follows:
1. M-mode: represents the vertical movement of heart tube edges (y-axis) over time (xaxis) 2. Heart period: is measured as the interval between the start of one diastole and the beginning of the next.
3. Systolic interval (SI): SI is the duration for which cardiac tube stays in the systolic (contraction) phase.
Diastolic interval: (DI)
: is the duration for which the heart stays in the diastolic (relaxation) phase. 5. Systolic diameter: represents the contracted state of the heart tube. 6. Diastolic diameter: represents the relaxed state of the heart tube.
Immunohistochemistry and Imaging:
Embryos stored in ethanol at -20 degrees are brought to room temperature by keeping at room temperature (RT) for 15 minutes. After replacing ethanol by 0.1%PBT, embryos were given 3 subsequent washes with 0.1% PBT, 10 minutes each at nutator, RT. Washes are followed by 1 hour incubation of embryos in blocking solution (10X NGS in 0.1%PBT) for 1 hour at nutator, RT. Primary antibody made in 10X NGS in 0.1%PBT is added, embryos were incubated in primary antibody overnight at 4 degrees kept on nutator. The secondary antibody is prepared in 10X NGS and embryos are incubated in the secondary antibody overnight at a nutator, 4 degrees C. From this step onwards, the vial containing embryos is to be covered with aluminum foil to prevent photobleaching of secondary antibody. After replacing secondary antibody with 0.1% PBT, subsequent 3 washes with PBT of 10 minutes each are given at nutator, RT.After the staining, PBT is replaced by DAPI Vectashield and embryos are mounted in DAPI Vectashield to observe under fluorescence or confocal microscope.
Immunofluorescence images were captured in the Laser Scanning Confocal Microscope (LSM 780, Carl Zeiss). Optical sectioning was done using line mode in the confocal microscope.
Images were analyzed and processed using the software ImageJ. 
Statistical analysis of lumen diameter of cardiac tube in stage 16 Drosophila embryos:
In order to measure lumen diameter of cardiac tube marked by TrolGFP, cardiac tube was subdivided into anterior aorta and posterior heart proper region. In both of these parts of the cardiac tube, 5 points of measurements were taken from each segment. Average of these measurements was calculated to infer readings for each sample.
MitoSOX dye labeling of Drosophila embryos:
Embryos were transferred from the fruit plate to the sieve with the help of a paint brush.
Embryos were treated with bleach for 2 minutes to remove chorion. After that, they were given 4 washes of 10 minutes each with distilled water for complete removal of bleach. Embryos were dehydrated with 100% isopropanol for 40 seconds followed by pat drying to remove isopropanol.
After that, embryos were treated with hexane for 4 minutes followed by pat drying to remove hexane. Embryos were washed using 1X Ringer's solution containing 0.1%BSA for 2 minutes on a shaker. Sieve containing embryos was soaked in msox solution (1:5000 in 1X PBS). Volume was kept to a level that all embryos get immersed in the dye solution. They were incubated in the dye for 25 minutes. Embryos were washed off with Ringer's solution for 2 minutes on a shaker.
Embryos were mounted in halocarbon oil and imaged under the confocal microscope.
ATP Assay:
ATP assay was performed from control, ND42 and ND75 knockdown embryos of stage 16 embryonic development. Embryos were suspended in 1X PBS (ph=7.2) and homogenized in ATP assay Lysis buffer (6 M Guanidine-HCl, 100 mM Tris pH 8 and 4 mM EDTA, all from Sigma Aldrich, Cat# G3272, Cat# T5941 and Cat# EDS-100G respectively) (Tsai et al., 2014) .
The samples were boiled at 95 0 C for 5 minutes and diluted 1:1000 in dilution buffer provided in ATP luminescence kit HSII (Roche, Cat# 11699709001). The further assay was performed as instructed by the kit's manual in Luminometer (Promega GloMax96 Microplate Luminometer).
A standard curve was generated and ATP concentrations were calculated. The ATP concentration was normalized with protein concentration as determined by Bradford method (the details are provided later in the protein extraction method).
Mitochondria Isolation:
Mitochondria isolation was performed by Mitochondrial Isolation Kit (Sigma Aldrich, Cat# MITOISO1-1KT) according to the manual's instruction. Larvae were washed and homogenized in 1X Extraction Buffer A with 0.1 mg/ml. Homogenate was centrifuged at 600 X g for 5 minutes at 4 0 C. The supernatant was centrifuged at 11,000 X g for 10 minutes. The pellet was resuspended in 1X Extraction Buffer A and recentrifuged as above. The pellet was resuspended in 1X Storage Buffer and stored at -20 0 C.
Complex I Assay:
The isolated mitochondria samples were thawed at room temperature. 3 μl of purified mitochondrial were 150μl of prepared colorimetric complex I activity assay buffer (1X PBS, 3.5 g/l BSA, 0.2 mM NADH (Cat# N4505, 0.24 mM KCN: Cat# 1.04967, 60 mM DCIP: Cat# 33125, 70 mM decylubiquinone: Cat# D7911, 25 mM Antimycin A: Cat# A8674; all from Sigma Aldrich). NADH: ubiquinone oxidoreductase activity as a drop in DCIP absorbance was recorded at 600 nm on POLARstar Omega (BMG-LABTECH) for 180 seconds at an interval of 30 seconds. Rotenone insensitive activity was measured as the difference in DCIP reduction in the presence of 2 mM rotenone (Sigma Aldrich, Cat# R8875) in the assay buffer.
Citrate synthase Assay:
Mitochondrial samples were diluted to 10 fold in storage buffer. 5 μl diluted mitochondria sample was added to 150 μl of a previously prepared colorimetric citrate synthase activity assay buffer (50 mM Tris (pH 8.0), 0.1 mM 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB Cat# D8120, 0.3 mM acetyl-CoA: Cat# A2056, 1 mM oxaloacetic acid : Cat# D4126). Citrate synthase activity was measured as an increase in DTNB absorbance at 412 nm using the POLARstar Omega (BMG-LABTECH) for180 seconds at the interval of 30 seconds. Finally, to determine the actual Complex I activity, the Rotenone sensitive NADH: ubiquinoneoxidoreductase activity was normalized with citrate synthase activity (Cho et al., 2012) .
RNA isolation from embryos on Column
An appropriate number of (200 embryos) synchronized embryos were collected and dechorionated using sodium hypochlorite (bleach). Embryos were thoroughly washed with distilled water to remove bleach. Dechorionated embryos were homogenized in Trizol (Ambion, Cat# 15596018) and extracted with 200μl of chloroform (Sigma Aldrich,Cat# C2432). Further purification was performed by using the RNeasy Mini Kit (Qiagen) as instructed. 25 minutes incubation at 37 0 c was given with RNase free 2U DNase (Qiagen-79254) in RDD buffer to remove residual DNA. The RNA pellet was dissolved in nuclease-free DEPC treated water (Sigma).Quantitation of RNA was performed by using nanodrop spectrophotometer (GenovaNano, JENWAY). The quality of the isolated RNA was also verified by determining the ratio of the absorbance at 260nm/280nm and 260/230nm.
cDNA Synthesis and RT-qPCR
cDNA was synthesized using Verso cDNA synthesis kit (Thermo Scientific, Cat# AB1453A) following the manufacturer's recommended protocol. 500 ng of the template RNA was mixed with cDNA reaction mix (Verso Reverse Transcriptase, cDNA synthesis buffer, anchored
OligodT primers, random hexamers and RT enhancer that degrades any ds DNA during the transcription of RNA) and incubated at 42 o C for 30 minutes and then kept at 95 o C for 2 minutes. Table   S1 .
Quantification and statistical analysis
In general, the quantitative analysis of data was performed and graphs were plotted in MS-Excel.
Unpaired Student's T-Test was employed to determine statistical analysis, and N number as specified in graphs. The result of T-Test analysis is expressed in graphs in form of asterix as follows *p<0.05; **p<0.01 and ***p<0.001.
Discussion
Cardiac functionality is severely affected by knocking down genes encoding complex-I components of ETC from the mesoderm. These results indicate the importance of mitochondrial health for the cardiac tube to initiate its first beat and suggest the critical role metabolic dysfunction can play in congenital heart diseases.
The lethality associated with complex-I knockdown in embryos was shown to be specific to ND42 and ND75 knockdown as no lethality was observed with knockdown of GFP from the developing mesoderm using Twist Gal4 driver. Since the average number of embryos that exhibit embryonic lethality was in concordance with an average number of embryos exhibiting cardiac malfunctioning, it was inferred that embryonic lethality was due to cardiac malfunctioning during embryonic development.
It was surprising to observe that despite the severe effect on cardiac functionality in knockdown embryos, we did don't see any gross change in the total number and alignment of cardioblasts as inferred by Mef2 immunostaining (Fig.S2) . No gross change in the total number of cardioblasts suggests that complex-I attenuation does not cause any cell death during cardiogenesis neither is there any abrupt increase in the total number of cardioblasts as previously shown for Notch mutant embryos (Grigorian et al., 2011) . However, we see a drastic increase in Pericardin which is an ECM component. These results suggest that metabolic dysfunction imparts very specific effects with respect to genes that are affected. It is quite possible that Pericardin transcription is sensitive to the metabolic status of the pericardial cells, which is why the altered metabolic status of the cell induced high Pericardin expression. Not much is known about the regulation of Pericardin expression in embryos. However, in larval stages of Drosophila life cycle, Pericardin secretion has been shown to be affected by adipocyte-specific knock-down of Sar1 expression thus affecting the formation of a proper heart ECM in Drosophila. In adult Drosophila heart, high sugar diet conditions have shown to cause deterioration of heart function accompanied by increased Pericardin accumulation thereby creating fibrosis-like conditions (Na et al., 2013) .
A collagen network is very important for the heart because it provides tensile strength as well as elasticity to allow the heart to operate normally in terms of systolic and diastolic functions (Weber et al., 1994) . Collagen turnover is of utmost importance to maintain the balance between degradation and synthesis of collagen and imbalance of this turn over leads to excess collagen accumulation which ultimately leads to cardiac fibrosis (Iwanaga et al., 2002 , Baicu et al., 2003 , Wang et al., 2006 , Beltrami et al., 1994 , Khan and Sheppard, 2006 . Renin-angiotensinaldosterone system (RAAS) has been shown to regulate this dynamic collagen turn over and intervention of this system can prevent the process of fibrosis (Weber and Brilla, 1991) .Redox fibrosis, the term given to fibrosis that is caused by a high ROS level in the system is a hot area of research. Oxidative stress has been shown to be increased in various cardiac pathologies including hypertension, cardiac fibrosis, and heart failure (Robinson et al., 2012 , Aragno et al., 2008 , Cucoranu et al., 2005 , Murdoch et al., 2006 . An increase in ROS levels has been shown to play a critical role in the development and progression of cardiac remodeling associated with heart failure (Purnomo et al., 2013) .The defects in mitochondrial OXPHOS has been reported to be one of the leading cause for prenatal and neonatal cardiomyopathies (Loeffen et al., 2001 , Loeffen et al., 2000 . A fetus diagnosed with hypertrophic cardiomyopathy at 37 weeks of gestation was found to have mitochondrial OXPHOS defect. These cardiomyopathies are more often hypertrophic than dilated (Garcia-Diaz et al., 2013) . However, there are still a lot of unexplored aspects in this area specifically in the direction of pinpointing how altered metabolic dysfunction can lead to change in expression levels of ECM components. Our study has shed light on possibilities of ROS involvement in regulating levels and patterns of Pericardin expression specifically in complex-I deficit cardiogenic mesoderm. Hence, it can be a wonderful system to understand how metabolic perturbations can cause the alteration in ECM to induce cardiomyopathies.
The result that high ROS levels can directly alter the choice of fate a cell adopts is a groundbreaking finding. It has improved our understanding of the impact of retrograde signaling by mitochondria to regulate nuclear gene expression. There is a significant amount of research claiming the signaling pathways regulated by ROS (Zhang et al., 2013 , Sena and Chandel, 2012 , Giorgio et al., 2007 , Liochev, 2013 , Rhee, 2006 , Wojtovich et al., 2019 , Matsuzawa and Ichijo, 2005 ; however, the question whether metabolic status of a cell can determine the cell fate is still least explored.
Tinman and seven up positive cells are two different kinds of cardioblast populations with very different functions. Tinman positive cardioblasts are myocardioblasts which function as heart muscles and facilitate heart pumping (Bodmer, 1993) . On the other hand, seven up positive cardioblasts are non-muscle cells that act as inflow tracts for hemolymph (Lo and Frasch, 2001) .
Our finding implies that by sensing oxidative stress, a cascade of events started in the cardioblast to force it to adopt a completely different fate. This finding adds a new aspect to the regulation of cardiogenesis. Apart from the key signaling pathway s known to regulate cell fate specifications during cardiogenesis, reactive oxygen species have emerged out to be a key signal that has the capability to change course of events leading to altered cell fate of cardioblasts. Implication of mitochondrial signaling in cell lineage specification and cardiogenesis has been shown by relatively fewer reports. Hom et al, 2011 has demonstrated that modulators of Mptp closure (mitochondrial permeability transition pores) promote mitochondrial maturation and cardiomyocyte differentiation in the mouse embryo (Folmes et al., 2012) . In sea urchin embryos, oral-aboral axis specification has been shown to be entrained by mitochondrial distribution and redox state (Coffman and Davidson, 2001) . The present study has added a new aspect to this field by showing that mitochondrial perturbations can directly hit the developmental programs and can reinforce the nuclear decisions to change the cell fate. Deciphering mechanisms underlying mitochondrial signaling in heart development may refine research on stem cell specification for regenerative applications thereby offer implications for cardiac pathology.
